Covalently closed extrachromosomal deoxyribonucleic acid (DNA) was isolated from alpha-hemolytic wild-type strains of Escherichia coli. Most strains examined were able to transfer the hemolytic property with varying frequencies to nonhemolytic recipient strains. Out of eight naturally isolated alphahemolytic E. coli strains, four contained a set of three different supercoiled DNAs with sedimentation coefficients of 76S (plasmid A), 63S (plasmid B), and 55S (plasmid C). In most of these systems, the genes determining the transfer function, the production of colicin or drug-inactivating enzymes, and the transfer repressor (in repressed systems) reside on a single circular deoxyribonucleic acid (DNA) molecule.
molecular weight of 41 x 106, and one strain harbored two plasmids with molecular weights of 41 x 106 and 32 x 106. Alpha-hemolytic transconjugants were obtained by conjugation of E. coli K-12 with the hemolytic wild-type strains. A detailed examination revealed that plasmids with the same sizes as plasmids B and C of the wild-type strains can be transferred separately or together to the recipients. Both plasmids possess the hemolytic determinant and transfer properties. Plasmid A appears to be, at least in one wild-type strain, an additional transfer factor without a hemolytic determinant. In one case a hemolytic factor was isolated, after conjugation, that is larger in size than plasmid A and appears to be a recombinant of both plasmids B and C.
The extrachromosomal nature of colicin production and multiple drug resistance in Escherichia coli is well established (16, 20) . These additional properties are governed in most cases by transmissible plasmids. Most naturally isolated R factors and several transmissible colicinogenic (Col) factors show repressed transfer properties. These plasmids code presumably for repressor substances which inhibit their own transfer and also that of other plasmids, such as F factors or mutant R factors (26) , which have lost the capability of synthesizing the repressor (15, 17) . To date, two basic types of transmissible plasmids have been observed and classified as F-like and I-like (27) , since the sex pili formed by cells harboring these plasmids are morphologically and antigenically related to either F or I pili. In some cases the repressor substance determined by these plasmids inhibits pilus production and transfer of the derepressed factor (fil, fertility inhibition); in others it does not (fi-). ' Present address: Lehrstuhl fur Biochemie der Techn.
Universitat Braunschweig, and Gesellschatt fur Molekularbiologische Forschung mbH 3301 St6ckheim/Braunschweig, West Germany.
In most of these systems, the genes determining the transfer function, the production of colicin or drug-inactivating enzymes, and the transfer repressor (in repressed systems) reside on a single circular deoxyribonucleic acid (DNA) molecule.
Under certain conditions (e.g., transfer of R factors into P. mirabilis) a transmissible R factor can dissociate into an R determinant possessing the genes for inactivation of drugs but not for transfer, and a resistance transfer factor, which exhibits transfer properties but does not determine drug resistance (7, 19) .
There are also reports on drug-resistant strains of Salmonella typhimurium which seem to harbor two permanently dissociated plasmids, one of which is responsible for determination of the drug resistance without possessing transfer properties, and the other being a transfer factor which promotes the transfer of the first plasmid (1, 2) . Whereas the transmissible plasmids like F factors, R factors and some Col factors are rather large supercoiled DNA molecules (6, 7, 9) , nontransmissible plasmids like
The ability of E. coli wild-type strains to produce K88 antigen (14, 25) , enterotoxin (24) , and alpha-and beta-hemolysin (23) seems also to be governed by extrachromosomal elements, since these properties can be transferred at least in some cases to suitable transconjugants.
Since these latter functions are thought to be significant in the pathogenesis of disease caused by these strains (22) , it is of considerable interest to learn more about the molecular nature of these systems. Recently we described the isolation of two large supercoiled DNAs from a beta-hemolytic wild-type strain of E. coli (12) . Upon transferral of the betahemolysin determinant to a nonhemolytic E. coli strain, both large DNA molecules were found in the transconjugant. To further establish the extrachromosomal nature of the hemolytic systems in E. coli, we have continued these studies on alpha-hemolytic wild-type strains and hemolytic E. coli K-12 recipients. These studies have revealed that the determinant for alpha-hemolysin production can reside on various transmissible plasmids. They differ in size and in their transfer properties.
MATERIALS AND METHODS
Bacterial strains. The alpha-hemolytic wild-type strains of E. coli P224, P157, PM167, PM152, and CM20, the alpha-hemolytic E. coli K-12 transconjugants, K-12 (PM152), K-12 (PM167), and K-12(CM20), and the nonhemolytic strain K-12, F-, lac-, nalR used in most instances as recipient strain were kindly provided by H. Williams Smith. The genetic properties of these strains are listed in Table  1 Isolation of revertants of a dnaA mutant in which the mutation is suppressed by the integration of hemolytic factor. Fractions of a logarithmically growing culture of the dnaA mutant CRT46 (18) harboring hemolytic factor(s) were spread on brothagar plates and incubated at 43 C for 2 days. The resultant colonies were tested for integrative suppression by their sensitivity to acridine orange, as described by Nishimura et al. (18) .
Preparation of extrachromosomal DNA. Radioactively labeled extrachromosomal DNA was prepared by procedure (5, 10 ) that yields cleared lysates containing more than 50% of the total extrachromosomal DNA and less than 5% of the total chromosomal DNA. A mixture consisting of 2.0 ml of the cleared lysate, 1.5 ml of Tris-ethylenediaminetetraacetic acid (EDTA)-NaCl buffer (0.05 M Tris-hydrochloride, 0.05 NaCl, 0.005 M EDTA, pH 8.0), 0.5 ml of an ethidium bromide (2,7 -diamine -10 -ethyl -9 -phenylphenanthridinium bromide) solution (1 mg/ml), and 3.8 g of CsCl was added to a centrifuge tube and spun in a type 50 fixed-angle rotor (21) . For larger-scale DNA extractions, the same procedure was used to obtain cleared lysates from 100-ml cultures of cells, and the cesium chloride-ethidium bromide gradients were centrifuged in a Ti 60 rotor (11) .
Sucrose gradient centrifugation and counting of radioisotopes. Extrachromosomal Electron microscopy. Electron microscopy was preformed as described by Lang and Mitani (13) . A Siemens Elmiskop I was used and photographs were taken at magnifications of x5,000 or x10,000. The photographs were evaluated as described previously (4) ; DNA form II of bacteriophage PM2 was used as an internal standard. The contour length of this DNA has been determined to be 3.22 + 0.07 gm, resulting in a molecular weight of (6.70 ± 0.20) x 106.
RESULTS
Isolation and characterization of supercoiled DNA from alpha-hemolytic wild-type strains. Smith and Halls (24) observed previously that some hemolytic wild-type strains of E. coli are able to transfer the hemolysin determinant by conjugation to appropriate recipients. This suggests that this property may be determined by extrachromosomal transmissible plasmids.
To examine the molecular nature of such hemolytic factors, we have tried to isolate supercoiled DNA from several alpha-hemolytic wild-type strains of E. coli, none of which has been found after analysis to carry R factors or Col factors. Cleared lysates of these strains were prepared (5, 10) and centrifuged to equilibrium in CsCl gradients containing an excess of the dye ethidium bromide (21) . The radioactivity profiles of the gradients from all the hemolytic wild-type strains were similar. In addition to a major band (at a buoyant density of p = 1.59 g/cm3), a second band with higher buoyant density, characteristic of closed circular DNA, was evident. This indicates that all the strains possess extrachromosomal, supercoiled DNA.
To further characterize this DNA, fractions of the heavier band were pooled and centrifuged on neutral sucrose density gradients. 32P-labeled, supercoiled ColEl DNA (23S) or supercoiled Rldrdl9 DNA (75S) were added as internal markers. Three types of sedimentation pattems were observed (Fig. lA-C) . The DNA pattern of type I (Fig. IA) shows distinct peaks at 76, 63, and 55S and a broader peak at 36 to 42S. The DNAs sedimenting at 76 and 63S are homogeneous, supercoiled DNA species, as shown by their high sedimentation rates during alkaline sucrose gradient centrifugation, by their high buoyant densities after renewed banding in CsCl-ethidium bromide gradients, and by electron microscopy (Fig. 2, Fig. 3) . From the sedimentation coefficients of the supercoiled DNAs and the contour length measurements of the relaxed molecules (Table 2) , the molecular weights of these two species are calculated to be 65 x 106 and 41 x 106. We will refer to these DNAs as plasmid A (65 x 106 molecular weight) and plasmid B (41 x 106 molecular weight). The fractions sedimenting at 55S contain a mixture of an additional supercoiled DNA and relaxed DNA of plasmid A. The supercoiled DNA can be purified by renewed dye buoyant density centrifugation. This DNA, termed plasmid C, has a molecular weight of 32 x 106 as determined by its sedimentation coefficient and contour length (Fig. 2) (Fig. 1C) consists of two supercoiled DNAs sedimenting at 63 and 55S. The corresponding open circular forms sediment at 36 to 42S. The only hemolytic wild-type strain which showed this pattern was PM167b, a variant of PM167a. This strain has obviously lost plasmid A without showing an altered behavior in the hemolysin production.
Transfer of the hemolytic determinant and characterization of the plasmid DNA in the hemolytic transconjugants. To test the possible involvement of plasmids A, B, and C in the genetic determination of hemolysin, we mated E. coli K-12 and B with some of the hemolytic wild-type strains and selected for hemolytic transconjugant colonies. Most hemolytic wildtype strains tested were able to transfer the hemolytic property with varying frequencies into E. coli K-12 and with lower efficiencies into E. coli B (Table 3 ). There were two nontransmissible wild-type strains, P224 and P157b. These contain a plasmid identical in size to plasmid B.
With most hemolytic wild-type strains of E. coli, high transfer frequencies were observed upon mating of the donor and the recipient on solid agar, whereas mating of the strains in broth yielded only low numbers of hemolytic transconjugants (Table 3 ). This indicates that these hemolytic wild-type strains have repressed transfer properties.
Single colonies of the hemolytic transconjugants were selected, and the plasmid DNA transferred during the conjugation was analyzed. As expected, the wild-type strain 165f3, which carries only plasmid B, transferred this plasmid during conjugation to the recipient cell. This indicates clearly that plasmid B determines hemolysin production and transfer in this strain. Hemolytic transconjugants containing plasmid B can also be obtained upon mating of E. coli K-12 with the wild-type strains P224 and P157b when the transfer is promoted by a suitable transfer factor.
Hemolytic transconjugants obtained by conjugation of E. coli K-12 with wild-type strains of type I, however, showed a more complex behavior. With E. coli PM152 as donor, most of the transconjugants (five single hemolytic transconjugant colonies were analyzed) carry the plasmids B and C (Fig. 4A) , whereas one carries a plasmid which is larger in size than plasmid A (Fig. 4B) . The latter strain has been designated as plasmid A' (Fig. 2) . Its molecular weight appears to be the sum of the molecular weights of plasmids B and C of E. coli PM152 (Table 2) . With PM167 as donor we have isolated hemolytic transconjugants of E. coli K-12 which contain either plasmid B, plasmid C, a combination of plasmids A and B, or (Table 3) 
3-
E. coli B or K-12 on solid agar (Table 3 ). An properties. Plasmid A of PM167 may be an additional transfer factor without the hemolytic determinant. No such conclusions can be drawn for the plasmids of PM152 since no transconjugants could be obtained which harbored separately plasmid B or C. The large plasmid in one of the transconjugants does not seem to be identical with plasmid A of the donor strain.
Integrative suppression of the dnaA mutation T46 by plasmids of E. coli PM152. It has been shown previously that transmissible F-like plasmids can integrate into specific sites of the chromosome in dnaA mutants (18) , causing a "reversion" of the temperature-sensitive initiation defect of the mutant at the elevated temperature. This phenomenon has been termed integrative suppression (18) . Assuming that plasmids B and C of PM152 are both independent transfer factors carrying the hemolytic determinant, it was believed that only one of the two plasmids would integrate during integrative suppression of a dnaA mutant, leaving the other in an extrachromosomal state. The dnaA mutant CRT46 was therefore mated with PM152. Hemolytic colonies of CRT46 were selected. Out of three transconjugant colonies tested, all were still temperature sensitive and had again received plasmids B and C during conjugation (Fig. 6A) . Integratively suppressed, temperature-resistant strains of these hemolytic CRT46 strains were obtained with a frequency of 4 x 10' and tested for sensitivity to acridine orange, as described by Nishimura et al. (18) . Analysis of the extrachromosomal DNA of several of these temperature-resistant strains showed that indeed either plasmid B or C was in the extrachromosomal state ( Fig. 6B and C) , with the other plasmid obviously integrated into the chromosome, since these strains had received Hfr properties, and transferred the chromosome in the clockwise direction. The temperature-sensitive control culture CRT46 (PM152) did not transfer chromosomal markers to any appreciable extent. By transfer of the extrachromosomal plasmid of the integratively suppressed strains into new E. coli K-12 recipients, it could be demonstrated that both plasmids B and C of PM152 can function as independent transmissible hemolvtic tactors.
As shown before (W. Goebel, Eur. J. Biochem., in press), the large plasmid of K-12(PM152), designated as plasmid A', is also able to cause integrative suppression of CRT46. However, only some temperature-resistant variants that are all hemolytic have integrated the whole plasmid. Most of them have a plasmid of the same size as plasmid B or plasmid C in an extrachromosomal state. This suggests that Most hemolytic wild-type strains of' E. coli tested were capable of transferring the alphahemolytic property to appropriate recipients. The transfer f'requency for the hemolytic determinant of the wild-type strains and their transconjugants was low, resembling that of repressed R factors. However, plasmid B seems to promote its transfer more efficiently than plasmid C.
It thus appears that all transferable hemolytic wild-type strains, as well as the hemolytic transconjugants obtained by mating with them, harbor plasmids of'two different sizes (plasmids B and C) with the hemolysin determinant and the transfer genes residing on the same plasmid. There may be an additional fertility factor (plasmid A) present in some wild-type strains, but it is not necessarily related to the synthesis and the transfer of the hemolytic property. There is no evidence for a permanent dissociation of the hemolytic factor into a determinant and a transfer factor as observed for some R factors in Proteus mirabilis (7) and Salmonella typhimurium, (1, 2) and as claimed for the factor determining the K88 antigen in E. coli (14) . LITERATURE CITED
